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Atomic Structure and Deformation Behavior of Bulk Amorphous Alloys
[99-LW-001]
T. G. Nieh, L. M. Hsiung, B. W. Choi

OBJECTIVE:

The objective of this project was to gain a basic understanding of the atomic and defect
structure of BAAs and of how structural stability affects their deformation behavior. We
placed particular emphasis on understanding (1) shear-band formation, which is the
dominant deformation mode at ambient temperature; and (2) Newtonian plastic flow, which
is expected to be the dominant deformation mode at supercooled-liquid temperatures in
BAAs. Such understandings would allow suppression of shear instability, promotion of
homogeneous deformation at low temperatures, and improved formability at supercooled-
liquid temperatures.

SYNOPSIS

Metallic glassedabricated by rapid quenching frothe melt werefirst discovered in
1960 [1]. Due to the high quench rate requirements{10% K/s), only thinribbons and
sheets with dhickness lesthan0.1 mmcould be fabricatedOne ofthe most important
recent developments in tisgnthesis of amorphouwaterials is the discovery that certain
metallic glasses can be fabricated from the liquid state at cooling rates of the of@€fsof 1
This enables the production of bulk amorphous alleiis a thickness of ~1Gnm. These
bulk amorphous alloyshave many potential applications resultifigom their unique
properties, e.g.superior strength and hardnef, excellent corrosion resistancgs],
reduced sliding friction anomproved wearresistance [4]and easy forming in a viscous
state [5-7]. These properties, and particularly easy forming in a viscous state |estub ol
applications in the fields of near-net-shape fabrication of structural/functional components.

The mechanical behavior of metallitasses ixharacterized by eithenhomogeneous
or homogeneous deformation. Inhomogeneous deformation usually adensa metallic
glass is deformed &w temperaturge.g. roomtemperature) and is characterized by the
formation of localizedshear banddpllowed by the rapid propagation of these bands, and
suddenfracture. Thus, when metallic glass is deformed under tension it exhilvesy
limited macroscopic plasticity. It is pointed out that, despite a limited macroguagitcity,
local strain within these shear bands bapsometimes quite significant (abal®). These
bands are typically 20-30 nm in width ahavenot yet been microscopically examinigd,
although some observatiomsdicated pssible crystallization [9]. Whereabere exist
many differentviews oninhomogeneous deformation inetallic glassegqe.g., free-volume
model [10,11] anddislocation theory [12]), there is still no universal agreement. This
paper is to address only homogeneous deformation.

Homogeneous deformation in metalfjtasses usualltakesplace atabout 0.70F [11]
above which metalligylassesexhibit significant plasticity. It is pointed oubat the
transition temperatureglirom inhomogeneous to homogeneous deformgborbrittle-to-
ductile transition) is sbngly dependentupon strainrate. For example, § for
ZrgsAl 10Ni1oCuys alloy is abous33K (corresponds to 0.83Tat 5 x 104 s1, but it is
652K (corresponds to 1.9l at 5 x 162 s1 [6]. The strain rate dependence of T
(480-525K; 0.61-0.7%) has also been demonstrated indNe40B20 [13]. These results
suggestthat homogeneous deformation is associateth certain rate(or diffusional
relaxation) processes. Fothe purpose of discussion, wdivide the homogeneous
deformation of metallic glasses into three regions, according to testing temperatures.

T<Tyg



Mulder et al [13], in a study of the deformation of FEgNisgBog metallic glass in
tension at elevated temperatures, found that the transition tempématareahomogeneous
to homogeneous deformation is abd@&0-525K (0.68-0.75 ¢J, as predicted by a free
volumemodel[11]. The also conducted creep experiments at tempera{623-548K)
below the glass transition temperaturewith a relatively high stress (> 1.0 GPa).
Experimentalresults showedhat the stressexponent was rathehigh (n=8.5). The
activation energy was determined to be between 250 and 280 kJ/mol, which is sithédr to
for eutectic crystallization below the glass transition temperature.

Taub andLuborsky [14] alsoconducted tensile creep experiments amorphous
FeqoNigoP14Be ribbons. They found that within the temperatureange of 383-582K
(Tg=663K and §=673K, where T is the crystallization temperature) and at a constant
tensilestress of 312 MP¢the strainrate varies inversely with timieut only after aninitial
transition. They also performesiress riaxation experiments and showdtt thestress
dependence of the strain rate obey a hyperbolic sine relationship (nonlinear), cowgtstent
transition state theorfd5]. To furtherreconcile alldata,including those fromthe initial
transition, a threshold stress (=39+4MPa) was introduced into the formulation, although the
physical meaning of the threshold stress was unclear.

Most recently, Kawamurat al [6] studiedthe high-temperature deformation properties
of a ZigsAl 10Ni10CU s metallic glass (§=652K, Tx=757K) with awide range ofAT (=Tgy-

Tx) produced by a melt spinning method. They found that, with#T¥Tg, the alloyhas a
low strain rate sensitivityalue (m<0.25) and the tensile elongationaiso low (<100%).
Similar observationsverealsomade in PgpNi4oP2o metallicglasses, and results showed
that at a test temperature 0K (Tyq=578-597K),the alloy exhibited dow strain rate
sensitivity of only 0.20 and tensile e? ngation < 50%.

Fromthe aboveresults, we may conclude thadbmogeneous deformation of metallic
glasses at temperatures beloyare characterized by a lostrainrate sensitivity (i.ehigh
stressexponent) and ductility (<100%). This @tributable to the fact that structural
relaxation and recovery are still difficult as a resuslafygish diffusion in thisemperature
range.

Tg < T < Tx (supercooled liquid region)

As early as 1980, Homer and Eberhardt [16] repahiedobservation of superplasticity
in amorphous Pg 1Fes5 1Sii6.8 ribbons ([=668K, Ty=683K) during non-isothermal
creep experiments. In the experiments, test sam@esrapidly heated to thenaximum
temperature 0698K under aconstant load (rang@5—-150 MPa). The resulted creegate
was rather high; for example, an applied stress of 150 MPa produced a creep ratelof 0.5 s
The strainrate sensitivityvalue was estimated to be aboohe, suggesting possible
Newtonian flow. Since&98K is higher than ¥, a dispersion of 0.4 um grains in the
amorphousgnatrix was observed in the test samples after superplastic deformation. It is
noted that slow heatinduring creep test resulted in the disappearance of superplasticity.
This is apparently caused by easy crystallizatiothénalloy, as indicated by rearrow AT
(=15K).

Zelenskiy et al. [17] studied the formability of amorphous CggFezNiq3SizBs
(Tg=836K, Tx=856K) at temperatures between 773 and 913K. They observedelasge
ductility at a relativelyfast strain ate of 162 s-1 within 823-853K (in the supercooled
liquid region). Specifically, the maximum elongation d80% was recorded at a
corresponding minimum stress of about 150 MPawever,strainrate sensitivity was not
measured. TEM microstructural examinations indicated 853K annealingproduces
nanometer grains (~50—70 nm) in the alloy. From these rethdiguthors arguethat the
presence of a large amount of grainfamorphuasix interfacial area isecessary for the
observed superplasticity. However, we want to pointtiattthis may not be true. Ifact,
several experimmgs indicated a reduced ductility in the presenceawsfograing6, 16]. A



recent study of Busacét al[18] also showedhat the viscosity of anetallic glass increases
sharply oncethe temperature is above the crystallization temperature. As expected, an
increase in viscosity leads to an increasing resistance to plastiarithéihus, a decrease in
ductili

To%urther understand superplasticity and extended plasticity in metallic glibsask
and Zelenskiy[19] analyzedavailable mechanical datiiom fifteen different metallic
glasses, including botimetal-metaland metal-metalloid systems. They made several
important observations. First, superplastia@tcurs in alloyswith a large AT, typically
aboutseveraltens degreesThe larger iSAT, the larger is the tensile elongation, provided
testswere conducted in thesupercooled liquid region. This indicaté® importance of
thermal stability of a metallic glass during superplastic deformation. They noticetthatlso
a faster heating rate usually produced a larger elongatigparently,this is associated
with structural stability since slower heating results in an earlier crystallization.

In studyingthe formability of a LgsAl2sNizg alloy, Kawamuraet al [7] reportedthat
the alloy in thesupercooled liquid rang@80-520K)behaves like a Newtonian fluide.,
m=1. A tensile elongation of over 1,800% was recorded at 503K at a strain rate ofl2 x 10
sl Theglassy solidbelow theglass transition temperature exhibited non-Newtonian
viscosity,and thesupercooled liquidevealed aNewtonian viscosity but changed ton-
Newtonian with increasing strain rate. The elongation was reduced by the transit@mn to
Newtonian viscosity and crystallizationHowever, a careful examination of theitress-
strain ratedata indicated that thetrain rate sensitivity tends to decreasdesthan one
when testing temperaturge.g. 510, 520K) approaches xI  Again, this is probably
associated with a partial crystallization in amorphous structure during testing.

Kawamura et al [6] recently studied the high-temperature deformation of a
ZrgsAl 10Ni10Cuy 5 metallicglasswith a widerange of AT (Tg=652K, Tx=757K). In the
supercooled liquidegion, theyfound that plastic flowwere stronglydependent on strain
rate and the strain rate sensitivity value exceeded 0.8, but less than orf@ghTsteainrate
sensitivity produces a corresponding higansile eIongatlon For example, a tensile
elongation of 340% was obtained at a straie of 5 x 1 s* and at673K. However, a
true Newtonian behavior (m=1) was not observed in the alloy.

To further investigatesuperplasticity inmetallic glass systemsKawamuraet al [6]
tested a PghNisoP2o alloy prepared by rapid solidificationWithin 560-620K,the alloy
exhibits a similar deformation behavior to that o§s2i 10Ni1oCuyis, namely, ahigh-strain-
rate-sensitivityvalue accompanied by extended tensile ductility in spercooled liquid
region (Tg=578-597K, }=651K). In contrast to ZgsAl1oNi;gCuis which is non-
Nevvtonlan quoN|4oP20 can behave like d@rue Newtonian fluid (i.e.m=1) under
appropriate testing conditions. The difference may be assoamtiedthe fact that
PdyoNizoP20 is thermally more stable than ggAloNi1oCuys in the supercooled liquid
state, as pointed out by Kawametaal[6]. (AT= 72 and100K for ZsAl19Ni1oCurs and
Pd40N|40P20, respectively.) Therefore during high-temperaturdeformation, PghNisoP20
can still retain itsamorphousstate,whereas crystallization mayavealready taken place in
ZrgsAl10Ni1gClhs. This is indirectly indicated by the fact that the viscosity ofgRtoP20
is about one order of magnitude lower than that gfAdfgNi1Cuys.

Thus, at < T < Ty, large tensile ductility can be obtainfedm metallic glasseswith
largeAT. The maximum ductility is expected to occur at a temperature peahé&re the
flow stress (owiscosity) islow, and high strain rates athich the alloy can retain its
amorphous structure during deformatiéior convenienceahe above data are summarized
in Table 1.

Table 1 Summary of the deformatiodata ofsomemetallic glasses irthe supercooled
liquid region

Alloys Ty Tx m Elongation Ref.




Pdrg 1F65.1Si16 668K 683K ~1.0 N/A [16]

CoggFerNi13SizBs 836K 856K N/A 180 [17]
LassAl 25Ni2g 480K 520K 1 1,800 [7]

ZresAl 10Ni16CUL5 652K 757K >0.8 340 [6]

PdyoNizoP20 578-597K 651K 1.0 N/A [6]
Ni,7 6Si; 5B 15 N/A N/A 1.09 N/A [20]

Ty<T

At a temperature higher thar, Tmetallicglass alloysare readily crystallized and form
nanocrystalline structuresWhereasthere aresomedata on plasticity of nanocrystalline
solids attemperatures much greater thag there exist onljimited information on the
mechanical behavior of metallic glasses at temperatures slightly apove T

Ashdownet al [21] studiedthe superplastidehavior of a crystallizedre-Cr-Ni-B
glassyalloy. By controlling crystallization, anaterial with agrain size o0f0.2 um was
produced. Tensile elongation of over 200% was readily obtained fromategial tested at
strain rates of over 1®s! and at a temperature lasv as1073K; the maximum elongation
of 450% was recorded a1273K and a strainrate of 162 s1. These resultsre in
accordance with the conventional fine-grained superplasticity.

Brandtet al [22] also studiedhe superplastibehavior of a microcrystallin€d.5 pum)
Ni7gSigB14 produced by annealingmorphous samples at 1073Khe materialcontains
equiaxed NiB and NgSi grains and showed a tensile elongationowér 120% at
823-1023K. The strainrate sensitivityvalue was essentially constantnE 0.85) over a
wide range of strain rate (fao 102 s1) and the activation energy was 72.4 kJ/mol. These
results indicated the occurrence of conventional fine-grained superplasticity.

Using asimilar techniqueWang and coworkerg23, 24] crystallized anamorphous
NigoP2o alloy at603K. The crystallized alloy was nanocrystalliregnsisting of80vol%
NizP and 20vol% Ni. Creep experiments were subsequently conducted at 543-583K on the
crystallized samples and the dateowed astressexponent of 1.2ng = 0.8) and activation
energy 68 kJ/mol. From these data, the authors argued that Coble creep was responsible for
the deformation.

Most recently, twosubmicrocrystalline bullalloys, Al-14mass% Ni—14mass% Misch
Metal [25] andMg-8.3wt%Al-8.1wt%Ga [26]were produced bythe extrusion of rapidly
solidified amorphous powders. The grain sizethefextruded Al and Mg alloysere 0.1
and 0.6um, respectively. Resultingrom fine grain sizes, both alloys were highly
superplastic (elongation = 600% for Al an@l000%for Mg) and the strain rates ahich
superplasticity took place were also high (Zi€h).

The above experiments were all carried out at temperature much highex théam fact,
the testing temperatur@gere sometimes close toy] the melting point of thalloys. At
these temperaturesaterial are ndonger amorphous, but rather nanocrystallineeeen
microcrystalline, depending upothe thermal stability of thealloys. Conventional
mechanismdor high temperature deformation, and particularly superpladgiormation,
are expected to prevalil.

In summary, for homogeneous deformation in metallic glasses, large tensile ductility can
generally be obtained in thsupercooled liquid. The exact deformation mechsm,
however,and in particulawhether an alloydeforms byNewtonian viscous flow or not
remains a controversigsue. The purpose of thigaper is to report aexample ofnon-
Newtonian behavior in a casamorphous Zr-10Al-5Ti-17.9Cu-14.6Nalloy in the
supercooled liquid region.



EXPERIMENTAL PROCEDURES

The materialused inthe presentstudy has a composition of Zr-10AI-5Ti-17.9Cu-
14.6Ni. Zone-purified Zr bargontaining 12.3appm O and 10 appm Hf), togethsith
pure metal elements, wenesed ascharge materials. The alloysere prepared by arc
melting in inert gas, followed bgrop casting into 7.0-mm-diameter by 7.2cm-long Cu
molds at Oak Ridge National Laboratory. The details of fabrication of thehali@been
described previousl§2]. Differential scanning calorimetrwas used tocharacterize the
thermal properties of the alloy. The temperatfioeshe onset and end glasstransition,
and the crystallization temperatureg,Thavebeen previously measureging differential
scanning calorimetryDSC) [27]; specifically, these temperatures are 631, @b, 729K,
respectively, at a heating rate of 20K/min.

Tensile sheet specimens were fabricated from the asnedstial bymeans ofelectrical
discharge machining. They had a gage length of 4.76 ntinickaness of 1.27 mm and a
width of 1.59 mm, asshown in Fig. 1. Tensile testsvere conductedusing an Instron
machine equippedith an airfurnace. Because of structural instability during testing of
samples at higltemperatures, the heating rateist be rapid taminimize crystallization.
Typically, the heating-plus-holdingime prior to testingwas about 25 minutes. Constant
strain rate testswere performed at a constant straiate of 162 s-1 with a computer-
controlled machine within a temperatut@nge of 663-743K. To measure straate
sensitivity exponentdoth strain ate cycling (i.e. cyclingpetween 14 and 162 s1) and
strain rate increase tests were performed. The amorphous nature of the alloy was confirmed
using transmission electron microscopy (TEM), as shown in Fig-he TEM sample was
prepared by chemical milling.

Fig. 1 Transmission electron micrograph shows the amorphous nature of the alloy.

TECHNICAL PROGRESS

The stress-strain curves for the alloy at different temperatures at a strain raté ¥ 10
is shown in Fig. 2. Avyield drop phenomenomrrgadily observed dow temperatures, and
in particular at663 and683K. In fact, at663K the yielddrop is 750 MPa(i.e. from
1600MPa to 850MPayhich isabout the same magnitude as‘ftermal’ yield strength
(~850 MPa). The yield drop phenomenon has aldm®en observed and studied by
Kawamuraet al[5] during testing of a ZAl1gNi1oCu; 5 metallicglass inthe supercooled

liquid region. They attributed the yieldrop to a ‘transient phenomenon’, but the



associated concurrent changeatismicstructure associateslith the phenomenon was not
given.
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Fig. 2 Stress-strain curves of Zr-10AI-5Ti-17.9Cu-14.6Ni obtained at temperatures near
the supercooled liquid region. The yield drop phenomenon is readily seen,
especially at low temperatures.

It is noted that similar phenomehavealso been observed the homogeneoudlow
of glassy polymers and in the plastic deformation of crystalline metal alloys. In the case of
glassy polymers, thisbehavior is associatedith the stress-effected, segmental chain
displacements and the preferential alignment ofidhg axis ofthe molecules along the
tensile axis. Both chain displacements amolecular alignments are aetable by the
nucleation and propagation adouble kinks’ along the chain axis. By contrast, in
crystalline metal alloys, itresults fromthe locking of dislocations by solutoms,e.g.
Cottrell locking [28], or theshearing of coherent precipitates by dislocatifd®. For
metallic glasses, twever,neither the theoryor glassy polymers or focrystalline metals
appears to be applicable. Kawametal[30] argued that the yieldrop was caused by an
initial increase in atomic mobility at high strain rates, but, upon yielding, the atomic mobility
decreases and structure relaxesowever, theexact physical processhat leads to the
observed yielddrop isstill unclear[30]. Structural clustering andhemicalshort range
ordering are expected to impede the propagation of dlagals andnay be responsible, in
part, for the yield drop.

The yielddrop phenomenon disappears at a strain rate Bfstoand at temperatures
higher than 683K. In these temperatures, there is an initial hardening, followed by a gradual
decrease in flow stress until final fracture. The fracture strain incred@besacreasing test
temperature and reaches a maximum value of 2.0 (~650% elongation) at GRB3End At
743K, which is above the crystallization temperat(#29K), the alloy becomesxtremely
brittle; in fact, the test sample failed at the location of the loagimg It is notedthat
samples, which were deformed in the supercooled ligggobn, exhibit gradual necking, as
shown in Fig. 3. In fact, some samples necked down nearly to a point. The final decrease
in flow stressis, thereforenot a result of softening, but reduction in load bearing. This



fracture appearance is different from that observed igsAlZpNi1oCuy 5 metallic glasg5],

in which uniform deformation was observed. The difference may be caused by thatfact

the samplesised byKawamuraet al were verythin (0.02 mm). As aesult, thesamples
were subject to a plane stress condition.
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Fig. 3 Amorphous samplefactured at different temperatures. Sample necking
apparent. An untested sample is included for comparison.

It is evident in Fig. 2 that both the flow stress and fracture strain are extreensijive
to testing temperature. Fexample, withonly a 15Kdifference in testingemperature, the
flow stress drops from 700MPa at 683K to about 400MPa at 698k.tensile elongation
is almost tripled (230% to 630%). THew stressesire generally quite higtipr example,
at even/13K the flow stress isabout200MPa. A highflow stresswas also observed in
another superplastic ggAl 1gNi1oCus metallic glasswhich was ovedlO0OMPa [6]. These
values areconsiderably higher than thiow stressesgenerally observed in metals or
ceramics exhibiting superplasticity or extended ductiBil]. Flow stresses for a
superplastic metal or ceramic are typically lower than 35MPa. Technologichityh ow
stress can cause fast wear of the forming dies.

To characterize the deformatitsehavior,strain rate cycling testwere @rried out at
683K to measure the straiate sensitivity value. Theesult is shown in Fig. 4he values
of strain rate sensitivitgnin equation&=K so™, where & is the strairrate, o is the flow
stress, and K is a constant, were measured by sataircycling between 19and 7 x 168
sl There is no steady state region aftech cycle, making it difficult to determine
accurately the strain rate sensitivitglue. This difficulty may be associatedlith structural
instabilities during testing. It is notethat an external appliedtress can promote
crystallization in amorphous alloys [32]Thus, despite the fact th&6B83K is below the
crystallization temperature, it is believed tlsame nano-scale, crystallizgthasealready
evolved during the course ofthe test. The presence of nanocrystallpfeases can
significantly affect the mechanical properties ahetallicglass. ForexampleBuschet al



[18] recently showedhat thepresence of crystallinphases increasdke viscosity of a
Zrae.75Tig.25C U7 sNijoBex7. 5 metallicglass. Thisobservation is also consistentth the
results of Kimet al [33, 34] who reportedhat the fracturestrength of an amorphous
AlggNi1gY2 was doubledvhen the alloy was crystallizeahd containedb-12 nm-size Al
particles. Thus, in the present strain rate cycle test, continuous strengthgmmgpised to
be a result of the continuous precipitation of nanocrystals in the amonpiadiiss. Infact,
this is alsoreflected by a slight increase stressafter the initial yielddrop (strain>0.4)
shown in Fig. 4.
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Fig. 4 Strain rate cycling test &#83K showingthat thestrainrate sensitivityvalue isonly
0.45-0.55.

As shown in Fig. 4, afteeachstrainrate decrease, excdpr the first one,there is no
steady-state flow region. The gradual decrease in flow stress after decreasing thatestrain
results from sample necking. Data fréfg. 4 indicate that theonset of sample necking
occurs at a strain adpproximately 0.8, which isonsistentwith the results observed in
single-strain-rate tes{&ig. 3). The fracture obtained in the stramte cycling test islso
similar to that obtained in a constant strain rate test.

It is worth notingthatfrom Fig. 4the "apparent” strairate sensitivityfor the present
Zr-10Al-5Ti-17.9Cu-14.6Ni alloy is computed to be abdub. Although structural
instability can contribute tsomevariations in determining thérue" strain ratesensitivity
value, its influence is not expected to be sufficiently great to implyrug” strain rate
sensitivity value of as high as one. In other words, the presentdalé&snot behave like a
Newtonian fluid. The non-Newtonian behavior may be caused by the fact tisituitterre
of the alloy in the supercooled liquid region is thermally unstablgon thermal exposure,
and particularlyunder anexternal applied stress, th@morphous structure tends to
crystallize and results in a mixture of crystalline angorphous structureExperimentally,
it is challenging to examine the structure of a superplastically defospeszimen, primarily
because tested samples necked down to nearly a point. Sample prefpar&ither x-ray
diffraction or TEMstudyis, thereforedifficult. Moreover, thepresent experiments were
performed in airwhich resulted seriousxidation on test samples (see next section). The
presence of a diffraction pattern may be simply indicative of oxide formation.

However, if an alloy indeed has a mixed crystalline-plus-amorphous structure, to a first
approximation, the total deformation rate can be expressed by:

%otal = (1 - fv) zs(am + fv Zs(cry (1)



where &5 IS the totalstrain rate, &, and &, are the strain rates caused by the
amorphous andrystalline phases, respeety, and { is the volumefraction of the
crystalline phase. Since the plastic flow of an amorpladiag can be described bs,,, =
Ao, and the plastic flow of a nanocrystalline, superplastic alloy can be describeg, by

B o2 whereo is the flowstress, and A and B areaterial constants, Equati¢h) can be
rewritten as:

&otal= (1-f) Ao +1,-B 02 (2)

It is obvious that thetrain ate sensitivity, which is the reciprocal of thressexponent,
would be between 0.5, thalue for grain boundary slidingnechanism in fine-grained
crystalline material, and unity, the value for Newtonian viscous flow.

It is interesting to comment on the drastic reduction in tensile elongation6B0fb at
713K to virtually zero at743K. A temperature off43K is alove the crystallization
temperature of the allof~729K). At this temperature, the allohas ananocrystalline
structure consisting of margtermetallicphases. Convential wisdomsuggestghat an
ultrafine grain size alloghouldhave aarge tensile elongatiopresumably resulting from
extensive grain boundary sliding. However, it must be pointedhatjtinthe case of grain
boundary sliding, sliding strain must be propextcommodated either liffusional flow
or by dislocation slige.g., climb or glidepcross neighboringrains, inorder toprevent
cavitation andthus, fracture. However, dislocation slip in an ordered, multicomponent
intermetallic compound is difficult at temperatures near Also, dffusional processes are
not expected to be sufficiently fast to accommodate sliding strains at strain rates?cé ~10
1. This offers arexplanationfor a highm value but low tensile elongation in metallic
glasses atemperatures nearT It is worth notingthat, noaccommodation is needed for
pure Newtonian flow.

Microstructure and Fracture surface

It is well known that, atroom temperature, the fractureurface of ametallic glass
exhibits a vein pattern (Fig. 5), as a result ofshdden release @lasticenergy at fracture
[2]. Also, sampledoes not show angecking after fracturing. These are typical fracture
characteristics for metallic glasses deformed inhomogeneously. In camitalic glasses
show strong resistance to necking in slipercooled liquid region; this is readily observed
in Fig. 3. The strong necking resistance is apparently a result of high strain rate sensitivity.

The fracture surface of the sample teste@88K and at a straimate of 10° st is
shown in Fig. 6. The sample fractured nearly to a chisel point (reduction in area>99%). The
fracture surfaceeveals a ductile dimple fractuwgith the absence ofvein pattern. The
brittle-to-ductile transition fromnhomogeneous to homogeneous deformatioklaarly
revealed by the fracture surface appearance.



Fig. 5 Vein pattern formed on the fracture surfaceanforphous of Zr-10Al-5Ti-17.9Cu-
14.6Ni tested in tension at room temperature. Melted droplets are readily seen.

18KV X488

Fig. 6 Fracture surface of the sample tested at 683K and at a strain rafesofréeals a
ductile dimple appearance with the absence of vein pattern.

RESEARCH SUMMARY

The deformation behavior of @r—10Al-5Ti-17.9Cu—14.6Nimetallic glass was
characterized in thsupercooled liquid regionThe alloy was observed to exhibit a large
tensile elongation in this region; a maximum tensile elongatiaverf600% was recorded
at 698-713K at a highktrainrate of 162 s1. The superplastic propertiesg.flow stress
and elongation, arefound to bevery sensitive totesting temperature. As a result of
structural instabilities it is difficult to determine thgue" strainrate sensitivityvalue.
Despite thidifficulty, experimentaresultsindicated that the allogloes notbehave like a
Newtonian fluid (n=1). It is suggestethat the non-Newtonian behaviordaused by the
concurrent crystallization of themorphous structure duringleformation; a mixed
crystalline-plus-amorphous structumeas actually tested. At temperaturabove the
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crystallization temperature, gpite of having a nanocrystalline structure, the alloy exhibit
limited ductility. This is a result of poor straimccommodation at grain triple junctions.
Microstructural examination of the fracture sample is now underway.
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